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ABSTRACT: As for proactive maintenance for infrastructures, it is very important to assess the structural de-
terioration from the early stage. Rebar corrosion is one of the major damages in reinforced concrete structures 
and it is of high demand that corrosion levels can be estimated reasonably with nondestructive ways. In this 
study, flexural failure tests of RC beams having different weight loss of 0%, 5%, 10% and 30% were carried 
out with monitoring acoustic emissions, respectively. Attaching the sensors onto the concrete surface as well 
as rebar edge faces, AE activity were examined to extract characteristic AE features corresponding to the cor-
rosion level. Through the experimental work, it was clarified that the number of AE events of high frequency 
dramatically decrease with progress of corrosion in comparison to those of low frequency when using the AE 
activity of rebar attached sensors. The ratio of AE events of low frequency to those of high frequency, which 
is defined as α-value, yields to provide the corrosion level quantitatively. 

1 INTRODUCTION 

Rebar corrosion is one of the severe deterioration in 
concrete structures, affecting safety of concrete 
structures. As accumulated corrosive damage within 
concrete structures was regarded to be not a trivial 
subject, past studies of this subject have been focus-
ing to clarify the deterioration process due to corro-
sion i.e., dormant stage, initiation stage, accelerated 
stage and deterioration stage by nondestructive ways 
(Yoon et al. 2003, Ohtsu et al. 2003, Ohtsu & To-
moda 2008). Correspondingly there were few inves-
tigations on corroded RC members subjected to ex-
ternal loading with non-destructive testing. Indeed 
actual in-service RC structures like bridges are al-
ways subjected to flexural deformation due to mo-
bile loads, namely transportation, it is very crucial to 
estimate the corrosion level in service condition. 
Thus in this study, for four different levels of corro-
sive RC, four-point bending was applied with moni-
toring AE. AE parametric features corresponding to 
the corrosion level are examined with different posi-
tioned AE sensors, namely on concrete surface and 
rebar edge face. 

2 EXPERIMENT 

2.1 Specimen 

Specified mix proportions of concrete used in the 
tests are given as in Table 1. The cement, fine aggre-
gate, and coarse aggregate were ordinary Portland ce-
ment with a density of 3.15 g/cm

3
, river sand with a 

density of 2.55 g/cm
3
, and river gravel (maximum 

size: 15mm) with a density of 2.57 g/cm
3
, respec-

tively. The chemical admixture was an air-entraining 
and water-reducing agent. The slump and air content 
of the mixed concrete were 7.5 cm and 2.2%, re-
spectively. Beam specimens measuring 140 x 80 x 
1460 mm were used for bending tests, as shown in 
Figure 1. A deformed rebar with a nominal diameter 
of 13 mm and nominal yielding strength of 345 MPa 
was placed in the specimen. All stirrups were 
wrapped with polyvinyl tape to prevent corrosion of 
stirrups themselves. One specimen was fabricated 
for each series. After being demolded at the age of 1 
day, specimens were covered with wetting-cloth, 
and cured in a thermostatic room at 20°C for 28 
days. Compressive strength of the concrete at the 
age of 28 days was 22.7 MPa. 



2.2 Accelerated corrosion tests and results 

In order to induce rebar corrosion, an accelerated 
corrosion tests were carried out for the beam as 
shown in Figure 2. The specimens were placed on a 
copper plate in a container filled with NaCl solution 
(concentration: 3%), and current of 0.6 A (0.907 
mA/ mm

2
) was applied to rebar in each specimen. 

Table 2 tabulates the investigated corrosion levels 
represented by different weight loss of rebar. The 
weight loss was controlled by total applied current. 
Here, the relationship between expected weight loss 
and total applied current has been proposed by Ta-
mori et al. 1988. A good correlation between the 
weight loss and total applied current was observed in 
this test, as shown in Figures 3, 4 shows the longitu-
dinal crack width measured at the bottom surface be-
ing close to the rebar. Basically, crack width became 
wider with increasing of the corrosion level repre-
sented by weight loss. In severe corrosion cases as 
more than 10%, crack width along a specimen axis 
was not constant, indicating that corrosion was not 
distributed uniformly along the rebar. 

Figure 5 shows the diameter of rebar measured by 
a caliper with an interval of 50 mm. Nominal diame-
ter of rebar used in this test was 13 mm. Remarkable 
decrease of rebar was locally observed especially in 
the case of most severe case of 30%. 

 
Table 1.  Mix proportions of concrete. 

W/C S/A Unit content (kg/m3) 

  W C S G Ad* 

56.5 49.6 176 312 860 882 3.12 

* AE water reducing agent 

 

 

 
Figure 1. Configuration of tested specimen. 

 

 
Figure 2. Overview of accelerated corrosion test. 

Table 2.  Weight loss of rebar after corrosion test.  

 3% 10% 30% 

Weight loss (%) 3.8 12.7 29.8 

Total applied current 
(A/hr) 

69.6 240 602.4 

 

 
Figure 3. Amount of rust after corrosion test in comparison to 
the regression line obtained by Tamori et al. 

 
 

 
Figure 4. Crack widths along the bottom surface after corro-
sion test.  

 

 
Figure 5. Measured diameters of rebar in a longitudinal direc-
tion after corrosion test. 

2.3 Loading tests and results 

Four-point bending tests were conducted with a con-
stant moment length of 280 mm and total span of 
1260 mm, as shown in Figure 1. During the test, 
load and displacement at loading points were also 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



measured by load-cell with a capacity of 100 kN 
(resolutions: 33 N) and LVDT with a capacity of 50 
mm (sensitivity: 0.01 mm). Figure 6a shows meas-
ured load-displacement curves in all series. Glob-
ally, there was not significant difference between 
0% case and 3% case. In other cases, however, 
yielding and maximum loads became lower with in-
creasing of corrosion level (weight loss). Especially, 
in the case of 30%, rebar was finally broken. Figure 
6b depicts the enlarged view of Figure 6a up to dis-
placement of 5 mm, where unloading paths of each 
curve are removed. First cracking load of each case 
was similar to each other (see in Fig. 6b), but tension 
stiffening zones where debonding between rebar and 
concrete was taken place were slightly different. As 
shown in 30% case, corrosion of rebar gave less 
bond properties than others. Figure 7 represents the 
crack patterns after the loading tests. In the case of 
0% with no corrosion, more than five cracks were 
observed, whereas quite small numbers of cracks, 
implying less bond strength in general, was observed 
in 30% case. In addition, the location of broken re-
bar agreed quite well with both locations showing 
wider crack width and minimum diameter of rebar, 
as found in Figures 4 and 5. As aforementioned dur-
ing the flexural test, debonding between rebar and 
concrete was becoming dominant with progress of 
rebar corrosion. 

 

 
(a) Global behavior 

 
(b) Local behavior between 0 and 5 mm. 

 
Figure 6. Load and displacement curves. 

 
Figure 7. Photos of specimens after loading test. 0, 3, 10 and 
30% from the top. 

3 AE MEASUREMENT 

3.1 Monitoring condition 

AE sensors used for the monitoring were 150 kHz 
resonant of Vallen-systeme. AE signals detected by 
the sensor are amplified by 40 dB at preamplifier 
and the signals are further amplified by 40 dB at 
main-amplifier. The amplified signals exceeding the 
threshold level of 54 dB are recorded as their para-
metric features as well as waveforms by AMSY-5 
(Vallen-systeme) AE monitoring equipment. Ten 
AE sensors were attached to the concrete surface; 
however, due to ambient noise AE data obtained 
only by four sensors are used for the further analy-
sis. Besides two AE sensors were added to attach 
onto the rebar face as shown in Figure 8.  

 

 
Figure 8. Arrangement of AE sensors. 

3.2 Results 

3.2.1 AE activity 
AE hit rate with displacement can be found as in 
Figure 9, of which Figures 9a and b is one of con-
crete attached AE sensor and rebar attached AE sen-
sor, respectively. As in Figure 9a, unique relations 
could not be obtained between AE activities and cor-
rosion levels, whereas a common trend showing lar-
ger numbers of AE hits to 3-4 mm rather than those 
of 4-5 mm displacement can be confirmed. As the 4-
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 

 

( ) ( )
( )

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
∞

+

−
∞

−=

11
10

,
1

                            

1
10

1
1,

1
,,

h
cc

g
e

sc
K

h
cc

g
e

sc
G

sc
h

e
w

αα

αα

αα

αααα

 (4) 

 
where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



5 mm range corresponds to the region of rebar yield, 
this results in no further damage of concrete, leading 
to inactive behavior of AE in this range. Interesting 
AE activities with corrosion levels can be obtained 
from Figure 9b, which is of rebar attached AE sen-
sor. AE activity becomes the highest in 30%, fol-
lowed by that of 10%, 3% and 0% in turn. As for the 
number of AE hits in comparison to that of concrete 
attached AE sensor, extremely small numbers were 
obtained from the rebar. Two reasons are consid-
ered leading this fact: used sensor response around 
150 kHz, which is relatively higher frequency than 
that used for large concrete, narrowing the detec-
tion areas so small limited around the rebar; and 
energy loss of elastic waves when they come into 
the rebar from concrete due to mismatch of acous-
tic impedance between concrete and rebar (Shio-
tani & Ohtsu 1999). 
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        (b) Rebar attached AE sensor 

 
Figure 9. AE hits rate with displacement. 

3.2.2 Frequency Analysis 
Averaged peak frequency with displacement can be 
found as in Figure 10, of which Figures 10a and b is 
one of concrete attached AE sensor and rebar at-
tached AE sensor, respectively. The averaged peak 
frequency was obtained from averaging all of the de-
rived peak frequencies through fast Fourier Trans-
form (FFT) of recorded all the AE waveforms. Irre-
spective to the corrosion level, the peak amplitude 
appears a constant around 150 kHz that corresponds 
to the resonant frequency of AE sensors in the case 
of concrete attached one as found in Figure 10a. De-
crease of peak amplitude with progress of corrosion 
level is obvious in case of rebar attached AE sensors 
as can be found in Figure 10b. It would be difficult 
to identify the specific cause leading the decrease 
corresponding to the corrosion level. Such reasons 
as crack patterns representing corrosion levels, and 
difference of restraining condition of rebar by sur-
rounding concrete corresponding to the corrosion 
level, appeared to attribute to this fact. 

Raw data of peak frequency through FFT are 
shown in Figure 11. Two extremely cases of 0% (in 
tact) and 30% of corrosion level are demonstrated as  

 
Figure 10. Averaged max frequency with displacement. 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 
Figure 11. Raw data of peak frequency through FFT. 

 

Figure 12. α -value with corrosion levels. 

 
in Figures 11a and b, respectively. No remarkable 
trends of peak frequencies in every AE hit correlat-
ing to corrosion levels could not be confirmed for 
the concrete attached AE sensor (see green dots), 
however, with regard to the rebar attached sensor 
(see red dots) obvious majority shift of the peak fre-
quency from more than 150 kHz to about 100 kHz 
was obtained. Specifically the upper and lower 
ranges of the shift, showing those of distribution of 
AE hits in peak frequencies, can be drawn as 150-
180 kHz and 80-110 kHz, respectively. In addition, 

the shift appeared to be proportional to the corrosion 
level, α-value is defined as in the following Equation (1),  

 
(1) 

 
 

where CAE low is cumulative AE hits having peak 
frequency between 80-110 kHz, and CAE high is cu-
mulative AE hits having peak frequency between 
150-180 kHz. 
α for the case of rebar attached AE sensor as well 

as of concrete can be found as in Figure 12. There is 
no interesting trend between α and corrosion level 
for the case of concrete, whereas surprisingly linear 
regression was possible for the case of rebar at-
tached sensor, suggesting that the corrosion level 
could be assessed by the α-value.  

4 CONCLUSIONS 

Flexural failure tests of RC beams with different 
corrosion levels were carried out with monitoring 
acoustic emissions. Attaching the sensors onto the 
concrete surface as well as rebar edge faces, AE ac-
tivity were examined to extract characteristic AE 
features corresponding to the corrosion level. 
Through the experimental work, it was clarified that 
the number of AE events of high frequency dramati-
cally decrease with progress of corrosion in com-
parison to those of low frequency when using the 
AE activity of rebar attached sensors. The ratio of 
AE events of low frequency to those of high fre-
quency, which is defined as α-value, yields to pro-
vide the corrosion level quantitatively. 
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hThD ∇−= ),(J                             (1) 
 

The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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